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(l^jtS^t^J^^ 1 ^^ <^**}**l*tUx of Cr(III), Ni<II), and Zn(II) with amorphous iron- 
^^j^^i^SSItB ^/™»p^ chromiumflll) oxide havB bssn MuinS^SSdeSl 
?^^i™^^f^^ dto ™^ Theresulfcforthead^tionandth^^ 

Lf£!^£iS£? remwi il>y amo^phoua^ncmj oxide tho dl^?ence was mlnlmaL T^wSrtffioS? 

Sf-^S?, tt£? ter for «>P^Ptt*tion than for adsorption, great* • f wSjl) than to NixSHnd 
greater for hydrated amorphous chiomiu»(m) oxide than for hydrated am^SCTIrori<ra) 

Introduction 

Precipitation, adwrption, and copreoipitaticn of heavy 
metal* find an Increasingly important role in many 
tfidmologicai processes euch aa the formation of ceramic 
and metallic preciireors. These phenomena are also 
currently being used to remove heavy metals from waste- 
waterstreams in adsorbing colloid flotation techniques.*-* 
xn tins process* metal iona are adsorbed onto the Bur&ces 
of colloid* which are then removed from suspension by a 
concentration mechanism such as foam flotation, Co- 
precipitation and adsorption processes are also thought 
to be important controlling phenomena dictating the 
concentration of metal ions in the environment 4 

The distinction between simple precipitation, copre- 
cjpltatton, and adsorption is not always clear. Figure 1 
iUustratea these processes as defined in this study. It is 
well-known 7 that increasing the pH of a heavy metal ion 
wiU eventually result in the formation of an insoluble metal 
hydroxideprecipitate. This simple mechanism for removal 
of metal ions is commonly used in waste treatment 
processeB with no further sophistication required. Simple 
hyo£«ide precipitation typically results in a sharp sig- 
moids! removal profile. At very high pH levels re&i£ 
lutmn of the metal hydroxide may occur; however this is 
not shown In Figure I since It is the initial removal which 
1™ ^^eat, and even when thermodvnamigally favoured, 
' " Adsorption processes 
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redissdutlonisoftenslowtooccur. Adsorption processes 
canalso occur wheneverasoHd substrate surface Is present 
and also typically result in a similar fiigmoidal isotherm. 
WMunonly not as steep as that observed for simple 
hy^der^pitotion. r^fonningofthecohoidmvolves 
pri adjustment which must be performed in the absence 
of the heavy metal ions to be removed from solution, pH 
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Figure JU Schtnutic representation, of ens three Droceuee 
responsiblfl for the removal of heavy metal ions fromeduUoa! 

adjustment of the heavy metal ions to be removed is then 
acbeved simply by adding the pH adjusted preformed 
colloid. It is wen-known 1 **-" that adsorption processes 
occur at a lower pH than that of simple hydroxide 
precipitation, as indicated in Figure I. In the case of 
^^fj^n* the solid substrate ia preformed prior to 
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from solution. While the enhancement of removal by 
adsorption or oopreoipitation over simple precipitation is 
well documented, the relationship between copredpi tation 
and adsorption is not as clear. Although few studies 
directly compare all three processes* particularly using a 
well-defined model surface, it is our belief that copredo- 
itatwn will enhance fte., shift to lower pH) the removal 
p 5 ofito J° M L? ven 8H»tof extent than that of direct 
adenrption. This further enhancement either could be 
duetoagmfcrbmding^ 

(having multiple surface site types) over a simple pre- 
dpttate surface (havmg a iringle surface typ^ 
tad ^^ eff ^!^ llM ^ etal ^ aw ^^&dso^^ 
as colloidal particles are formed 

This paper aims to contribute to the understanding of 
removal processes by the direct comparison of hydroxide 
precipitation to both adsorption and coprecipitation 
processeetovolvta^ 

(III) and chromium (IH) as model surfaces. 

The James-Healy Model. The adsorption of single 
metal ions onto colloidal surfaces has been extensively 
investigated elsewhereWs-u many models for thia 
process have been postulated. 1 ^' In general, these 
models follow one >of two different approaches: either a 
c n e i t si cal equilibria approach 1 *- 1 * where experimentally 
determined equilibrium constant! are used to quantify 
the adsorption phenomena or a free energy approach^*!, 
where the relationship between the equilibrium constant 
end its related free energy change is exploited. Models 
based on thermodynamic free energy predictions are 
inherently more complex than simple equilibria ap- 
proaches since aU contributions to the adsorption proceae 
must oe Identified and accounted for. Thermodynamic 
modeling of metal ion adsorption should be thought of as 
still In its infancy since a large portion of the overall free 
energy is assigned to a specific chemical interaction term 
with utile current understanding of the nature of its 
contribution. 

James and HealyUWi m 1972 frat proposed a quan- 
titative model for adsorption of hydrolyxable metal ions 
at an oxide-water interface using a free energy approach. 
This model was interpreted in terms of the competition 
between Coulombic, chemkal, and solvation free energy 
changes contributing to the overall free energy change 
associated with the adsorption process. Solvation energy 
changes are considered an unfavorable barrier to adsorp- 
tion onto ample oxides and are a function of surface charge, 
valence of the adsorbing ion, and the dielectric constant 
of the solid adsorbent Specific chemical free energy 
changes are considered as favorable to adsorption. Cou- 
lombic (electrostatic) free energy changes can be either 
favorable or unfavorable, depending on the pH of the 
solution and the isoelectric point of the colloid substrate. 
The free energg change resulting from the adsorption of 
species V. AtP+up*^ i, expressed as 



AQ 1 



'AG' 



-- - - (1) 
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The equilibrium constant, K if is related to the free energy 
of adsorption by the expression 



(-AG* 



(2) 

The adsorption is assumed to be Langmoirian in form, 
giving the fraction of surface sites covered by the species 
"* (ft), as 



(3) 



where AT, la the bilk concentration of adsorbing species 
The constituent parts of the free energy of adsorption 

(to. AG'cbdaaUdj. ACutmUaa* and AG'etoaiuU) are given 

by James and Healyu<w» as Mows: aamuu *' * 
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where is the sign and the valence of the adsorbing ion. 
to ■» {ZMRT/zPxpK^ - P H), pH_ is the pH at the 
point of zero charge, * = (0.328 X IQfypr*, J fe the ionic 
strength, * - (r lon + 2r w ), is the radius of the adsorbing 
metal ion, r„ is the radius of water, and z is the charge of 
the background electrolyte 



AO 




where (bulk is the dielectric constant of the bulk water, 4* 
is the dielectric constant of the interfaciai area, to La the 
dielectric constant of a vacuum, e is the charge of an 
electron, and N A is Avogadro's number* The dielectric 
constant of ths interfaciai region la calculated by 



'la* 



e 



end 
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(7) 



(8) 



The chemical free energy change <AG 0 5b€a w*> is not 
calculated from an analytic expression but simply selected 
to provide a reasonable agreement between theory and 
experiment This in justified in that a single AG^^^u 
is used for all pH veIuob and metal hydrolysis species. In 
this way, the adsorption isotherms are simply shifted across 
the pH axis with the other contributions to a/?o, mI „ , 
required to accurately predict the shape of the curve. It 
is not justified in the sense that a complete model would 
determine the components of AO° ehtBfaiU prior to any 
experimentation. 

Various AG^umidj,; values for specific metal/oxide 
systems have been reported. 1 * 171 * These values are ob- 
tained experimentally and many values may be obtained 
for a variety of metal ion types on different oxide surfaces. 
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Table I. Sriutfim BqiUibrla and BqaMibriim, Conrtanf 
. ttUlffbria 



iiSC 



P*X* - U.QO 

i>*Ki-*,?s 

P**i« 10,62 

tt28 

P*IEbo-16,i 

10.16 
^•10.96 
P**4* 11.70 



NKOHMppi) * Ni**(aq) 4- 20H-(an) 
S°!JJS&* ? 2a«>H>*<aq) + H*(aq) 

!?^a*^ 1 * ^ (0tt) ^> + 
2«(OHH(ppt) r» fcu^Caq) + 20H-frq> 

Solo tloti Ctomiatry, Three metal upeciea, Cr(III>, Nl* 
<U>, and Zn(nj i were adsorbed or coprecipitatid u£ 
amorptoueironCTO^^ These 
mstaliorw were selected for anaiym* because of their 
prevalence in Industrial wastewater Btreame.' Each of 
^^L^ ^Bigoes hydremia to varying extenta. 
J* ?*£ uct * «f which, along with their hydros and 
so ubiUty product constant*, are given in Table L The 
values used were theaverageof several literature values 2 ** 
of^ulubriT ^^^^ts to give a self-consistent set 

Experimental Section 

aJ # i^!fJ!!? P ^ 0 ^ ^ r *a^towedinthesdsorptioD 
and cepjeapltatioB trials were of AK quality unfe*, othenriae 
speaikd. All solution! ware papered Tl^M raSTbS! 
g^electro^so^ 

aftt^C t£ 6m ai^eflrfacetwwiaq of 72.8 mN nr' 
Jr: . pH WM mwsured using an Orion Research nH 
meter (Model 70U) which was c^Sd M^ekSS 

^r^r^ H «*• -* H 

fi*"^^!* MuiUhratdon took place in a jackaled 
ft^^T"" 1 ^ **h*ained at 28 *C AU 
P« aajuatmsnts, pH measurement*, reagent addtW and 
sample removals were performed thtoufihSnrnd ^^ n ^ 

scrubbed using base, and a silica suipsns^) wss usedS 

op Sltewf m «< al «»'M»»TOl during the vaAuaadaorption 
h»T£tt ^"^fr 88 evaluated by determining 

through B 0.22-mo MUlpore idttSKtTSdfllS ari 
eda«iT^i' 0ta1l0M T* ««P«wI from the nltr»t*. Th* 



(O) J«n m , R a PklX Thedi, TJtqwnity cf MaJboume, ien. 




3466789 10 11 12 

EQUILIBRIUM pH 

****** & BlectropborBtic mobility of amorphous irondlD 
chromiumOn), wncdD, and nickel(fi) oxides/ ^""J. 

rather than to corresponding spscinc surface area (m* W 

^^n^^JT^ mh!iuak Mtureofthe 
coItoidCa) farmed* Traditional lurtace sras measurement 
teonrittm for anahysio of amorphous hydro© metal oxides give 

l^^^V^^ ? ****** <tf SMS 

n^ 4 5^5 <d, ^ I1 ^ t ^f w, ^ «dtheexact nethodology. Metal 

whidr to 60 b' L-« for ^mflrphow IwndlD «£dtS5TS 
w fo* amorphous cbromiuroUlD oxide. Tten suifaw areu 

fflp «Mo »w uMtund using 8 DKLSA «40 (C«iSt«B»^ 
train) by the mnul method of auturing the ^odbwette 
mobfflty M « function of pH. ai ibown in ^^11?«dhSa 

•iKtnphontlc mobfllty of the »ppfopri»td uxnpl*. la thii 
study there ws4 no requirement of dUiite, or otherwlM alter, the 
Bu^eBBlon concentration u»ed during adiorptiou and cop/^i 

tff!SLu!! l T! , f 1 l m<:e *e.P*K«it MUdi n> below the 
ttmrtoM «t which light scattering for thia Initrument (and for 
< fe, paT fr lfl ^? )m<^ io^id. Included in Pigure 2 ««, the 
ewctrophoretic mobOitycume for amorphous qm(ID and nickel- 
£ ) ^ e *^ r nT B ? wlg ^ S«»l«rtric point* found fa thia 
«W2 re ,m f0 ! • ron < I F> «?*». B-2 for chTonaiumrtlD oxide, 

^.^ ( ^ ?«!^ <aide are coMiatent with thoae 
fc^lJ" J* 8 ?*"SJM L? 8 ^'*'?' b»»w«r the value 
to amorp^ d^om(ra> oxHa ia conaldenbly higher than 
that g^ by Parka* of 7.0. Intewatingly. liowwwTow value 
of 9.2f«an»orpbouaebromlum(ln) o^H«S^^lW 
»!^ r «I t^w? wtatuwlweJectricpoint to tSXlVfopS 
of the metal ion uaed to form the oxide. 
* Prtxlnitation, Adeorptfon, and Copredpltatton Stud- 

^ ^!"TtTr H^^^ cation* have bean ihown to undergo 
ntt^afaatioitoUad^^onatapbntalaoaaowadiorpflS 
•tap which can , occur orw period, of time tanging from dS»to 
"^ 7^ «> u a*»ttai time aeK ta thiaK 
,T!?^. miB ' only for th« feat adacrptiaWccprecS- 

tiationabm. Exoorinrtmt* w Br « t -.rri«imrt i n th,^^^7-jl | 
precipitation, adsorption, and copnoipitetion, 
«d^™ P S^M !f^* hl ! 1< , ttI ! ,Ul i0M w&8 by , lowly 

note wS^j^i^? ,ne ^! , , ,, ^ t " , ^' *^™«> » 

eatont of precipitation were meaaured after eauilibratlmV.tth. 

a H '« tf * Thee^rtacntC^Z^T^ 
aampla for each pH meaaured. 

(23) Parka, a A CAcm. itev. lSSS,df. 17? 

BUMVU K; 3chaiidU sSoni & 5<rf| fie. 1OTS S7 M. 

(28) Oadd&» R; WtteanTk 4/iaL CAcai. 5o» 
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EQUILIBRIUM pH 
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7 B 9 10 11 12 
EQUILIBRIUM pH 

Jljpw 4. AdBorptionand ooprecipitatwn of Ni{II) (60 ppm) 
Eft am 55feJ" ^Cni) oxide (250 ppm) oomr*red to procS 
itationof Ni(II) (WppnO done. A(7»ZZTS£^w,-^W 
moH; coprecipitauon, -3$ kJ moH. BU, ^ MW 

In the adsorption experiments, the adsorbing colloid (either 
■mcrphoia IianOR) cj chromiinn(UI) oxide) was prepared by 

^atetolu^ri. The adsorbing ion (CrOID, NidD, or ZnS)) 
waa than added and equilibration allowed to takaplaea. after 
which tima the equilibrium pH of tn* suspension and extant* 
e^orpuon «m meowed. A*w the experiment was repeated 
with * freeh awnpla to each pH meeiinwi 
fotoeoprecim^^ 

with flu iron(HD w chromiunaiD nitrate solution and the metal 

rfJSi"^^^^ 1 ^ 1 - A^'thepHand extent 
efcop^cinita^qn were measured after equilibration iq sample 
experiments at a single pH. 

Result* 

; acteristtcs (precipitation, adsorption, and eopre dpitatlon) 
using amorphous iron(III) oxide as the adsorbing or 
rapndpitetod colloid an given in Figures 3-6 for CrOID, 
MOO. and M), respectively. All three figures show 
the experimentally determined points and lines which show 
the teothenns of best fit obtained using the Jamee-Healy 
model. The validity and details of the model curves will 
badiscuwedehortiy. The 40%,,^ values reqKto 
opnmsl fit of the model to tbedateare IfetedlXeach 
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EQUILIBRIUM pH 
FUnn**, jUaorption and eopredpitation of Zn(II) (60 ppm) 
^^y 1 ^/^^ ppm) compared to preS^ 

Itatfoa of Zn<p) (BO ppm) alone. AQ****^ adsorption. -46 kJ 
moH, coprecipitation, -46 W moK^^ 

The concentration of CrtfE) In the aqueous phase 
du^ea from the initial added CrttH) concentration (U. a 
0% removHl) to nearly zero (Le* 100% removal) over a 
narrow pH range. This pattern in characteristic for 
aqueous metal removal by adsorption ox precipitation 
mechanisms <e*., refs 1. 10, 12, 18, and 17)* James and 
Healy, 1 for example, have shown that the adsorption of 
v'WOonto SiOj changes from approximately zero at pH 
3.5to50%atpH4.6andl00%atpH6,l. ThepHwrae 
for aoSorption of CrqH) onto amorphous iron(HI) oxide, 
given m Figure 8s is very similar. 

The concentration of NttID in the aqueous phase also 
changes from the initial added NiflT) concentration to 
zero over a narrow pH range* The pH range over which 
Ni(n> is removed by adsorption in this study is 6.feV&2 
which is similar to that found by Osseo-Asare and 
Fuerstenau 17 for Nitfl) adsorption onto haematite, but 
^similar to that obtained by Kinniburgh et aL w for Ni* 
(U) adsorption onto amorphous iron (HE) orlde gel. 

Zn(ID removal follows the same qualitative pattern as 
Been for Ni(II) and CrOID, The adsorption curve shows 
an increase an adsorption ranging from zero at pH 6.0 to 
nearly 100% at pH 7.2. This pH range is consistent with 
the results of Benjamin" and Benjamin and Leckie; 88 
however as was observed with Ni(H), these results are not 
consisteriiwithKiimiburghetai 27 The pH range over 
which adsorption took place for £n(H) onto amorphous 
irondll) oxide gel was found by Kmniburgh et al to be 
approximately I pH unit lower than the results presented 
her* Their Ni(Il) data were also approximately 1 pH 

For each of the three metal ion adsorbates, the per- 
centage removal of the metal ion in question Is enhanced 
by the presence of an adsorbing surface at any given pR 
The pH range over which adsorption (for example) tak es 
place will depend to some extent on factors such as surface 
area and metal ion concentration; however the choice of 

ractor, 10 The extent of removal, at any given pH, resulting 
from eopredpitation ib greater than the extent of removal 
resulting from adsorption for Cr ffU) and less so for Ni(tt) 
and the difrerence is barely perceptible for Zn(II). 

2. Pxijdplution, Adsorption and Coprecipitation 
with Amorphous Chromium(ni) Oxide* Similar re- 

/. S?el%. TO^ fBh, D ' °- J#ckKnft ' ^ lM Swia, J, 1C SrilSti Sw.Am. 
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EQUILIBRIUM pH 
FjfUre 1 Adsorption and coprcdpitotion of Ni(II) (60 ppm) 
with amorphous chromlumdH) oxide (260 ppm) compared to 
pr^tfltfonofNltn){6Qp|>m)alott«» AG'ILm* a 
^44 kJ moH; (1) precipitation isotherm for 260 ppm 

copiecipitation, -e* W moK 
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EQUILIBRIUM pH 
Ftgnrt 7. Adsorption and copreelpltatfon of £n(U) (60 ppm) 
witt wwrpboua j«hromiu»an) oxide (260 ppm) compared to 
prwiwtatwjiofZB^CMppm)^. AG°£JJi!^&<£, 
-«2 UmoHj U) prestation isotherm for 26o£po CraS); (2 
eopracipitation. -^76 kJ moH. ' 

moval experiments were performed using Ni(II) and Zn- 
(II) with amorphous chramium(III) oxide as the adsorbing 
or coprodpitating colloid. It is not possible to perform a 
simple adsorption study of Fe<III) onto amorphous chro- 
miumOID oxide since the iron(HI) oxide forms at a lower 
pH than the chromium (HI) oxide. Zn(H) adsorption onto 
amorphous chromium(III) oxide also proves difficult since 
complete precipitation of the chromium(IIT) oxide ad- 
sorbent surface Is not achieved until after Zn(II) removal 
from solution has commenced. When the adsorption 
resulta are modeled, the total available surface area at a 
given pH was calculated aa a fraction of the total possible 
s^e srea using Crjlm precipifation data. ForNUII) 
aa ^Pfaffi ^wv^^Cran>&6EarhB!LB earface is almost 

an jl lwnce no adjacent of Burface area is required 
The removal characterisUcs (precipitation, adsorption, 



as the adsorbing or copreclpitated colloid are given in 
Figures 6 and 7 for Ni(II) and ZnflC, respectively. Both 
figures show the experimentally determined points and 
Unas which represent the isotherms of best fit obtained 
using the Jamee-Healy model The AC* dhimk4 y values 
required to obtain an optimal fit of the model to the data 
are listed with each figure, The coprecipitation curves in 



Crawford et uk 

both cases lie dose to the precipitation curve for CrtfH) 
obtained in theabsence of the other metals and may simply 
reflect a physical entrainment aa the removal mechanism. 
The precipitation curve for 290 ppm Cr(ffi) is included 
in Figure* 6 and 7 for comparison with the coprecipitation 
curves. 

Comparison of amorphous chromiwn(III) oxide with 
amorphous iron (HI) oxide aa the solid can be achieved by 
comparing Figure 4 with Figure 8, and by comparing Figure 
5 with Figure 7. Amorphous ironCd) oxide is often chosen 
as an adsorbing substrate not simply because of the ease 
with which it can be obtained but also because of ita 
recognized efficiency as an adsorbent 9 The above com- 
parison shows that amorphous chromium (HI) oxide is an 
even more efficient adsorbing substrate (for a similar 
surface area). 

Discussion 

1, The James-Healy Model. A computer program of 
the model, incorporating the appropriate theoretically 
based equations, was used in this study. In addition to 
the solution equilibria referred to in the Introduction, this 
model requires specification of certain physical constants 
characteristic of the type of colloid used as a substrate. 
After extensive evaluation of the model pa rame ters, it was 
found that the dielectric constant of the Bolid substrate 
plays a major role in determining the pattern of metal ion 
removal For example, when using a solid substrate with 
a dielectric constant (t) approaching that of water (f a 
78,3), such as titanium dioxide, 1 the model specifies the 
dominant adsorbing species to be the free metal ion (e.g., 
Zn")> The consequence of this is that the adsorption 
curve for titanium dioxide as a substrate is dominated by 
th* change in 4G°ccuio*fcw» which occurs as the pH change*. 
By contrast, when using a solid substrate with a low 
dielectric constant, for example silicon dioxide (<-6),thc 
model specifies the dominant adsorbing species to be a 
hydrolysis product of the metal ion (Le., ZnfOH)% The 
consequence of this is that an adsorption isotherm for a 
metal adsorbing onto a silicon dioxide substrate 1b dom- 
inated by the change in apeciation of the adsorbing metal 
ion which occurs as the pH changes, 

James and Healy ,* among others, have shown that the 
hydrolysis of metal ianB is directly correlated to their 
adsorption behavior when adsorbed onto a low dielectric 
constant solid, The dielectric constants used in this study 
were 14.2 for ironOII) oxide 8 * and 8.0 for chromium (HI) 
oxide. 80 By use of these values, the dominant adsor bing 
epeciea in all systems studied here ware found to be the 
first and/or second hydrolysis produces). The model 
predicts that the free metal ton (Cr*\ Ni B + or Zn»+) has 
noflignificantor direct role in adsorption or coprecipitation 
using either amorphous iron (III) or chromium (HI) oxides. 

Systematic variation of the model parameters, such as 
dielectric constant, surface area* isoelectric point, and 
AG'WmtaM showed that all parameters except surface area 
were important fa determining the ezeet at*t-iAa *kiv,*« 
sibls for removal Since it is very difficult to determine 
the actual dielectric constant relating to the colloidal phase 
of an amorphous oxide slurry, the use of literature values 
for the oxides may be considered a weakness in this 
approach; however an Increase In the "true" dielectric 
constant would simply result in a lcwering of the computed 
AG^dattW and this results in the same predicted isotWn. 

£9 1- A* 1 Sin4 Hr p - a tatimmi test, s, ass. 

id), oUq. 
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S 6 7 8 0 10 11 12 
EOUIUBRIUM pH 

3 S ^ J^^H^y model (aG*^. 

ChMjging the isoelectric point has a strong influence 

rTffij v^f^™ 1 * ^ P^'cted removal Isotherm. 
It should be noted that the Jamee-Healy model doea not 

£SS i £ ^l"^ 8 b turf «oe charge and, hence, 
Potential brought about as a result of the adsorption or 
oopreeipitfltionitMlf, At low removal, this will be a minor 
fu™^ 0, ?. v X[ atl W»™ovals it could introduce 
IzZ^J" 0 **' t ef * ^her removals the electrostatic 
EX^^Ti!!^ (and {"t^iaatter, the dielectric 
properties) wUl be influenced by, and move toward, that 
of the adsorbing metal pxide. The influence of the 

ISSI ^i. ,0n St"* 81 «"* electrostatic compo- 
nents of the model wOl be addressed in future work. 

A surprisingly little influence over 

the predicted adsorbing species and the isotherm itself is 
surface area. The surface area of an amorphous substrate 
which is precipitated in situ ia very difficult to obtain: 
however we have found that the model itself can be used 
to obtain a good approximation of the surface area to be 

a*o^tte 1 if PW S Aa ««Pi»of thepradicted 
aasorpaon removal dependence on surface areas is riven 

aSZSL* V } wto .° r, l ti0tt •morphouslS 
Oil) mode. Itcwbeseenmthecurveeobtainedfromthe 
modal that a "saturation" of the surface available for 
aasocption is reached at low surface areas. Subseauentlv 
the curve follows the precipitation isotherm for the metal' 
ion alone. At higher surface areas there is little change 
to the slope or shape of the curve allowing values between, 
far example, 60 and 100 m«L-» tohaveflttle mfliienceon 
the modeled curve. The surface area which i» consistent 
with the adsorption data for all of the metal ion species 
involved in this study corresponds to a surface areaof 
approamatety 60 m« £-« for the 250 ppmamorphous tron- 

(HI) oxide coUoid, obtained by the same procedure 
comspondstoapproxbnately53m»L-». Itisaasumedia 
the modeling, that the surface area available for come- 
ciDitatlon la the ums ■» thn t. -w«- 
experiments. Although this may cause a deviation tfthe 
modeled parameters (spedflcally AC' (taBlfl ^) fromthrir 
true values, such a deviation should reaultln only a very 
small change lii AC^^ (see next section). oSyffi 




5 8 7 8 9 10 It 12 
EQUILIBRIUM pH 
> 1 Ajfearption of Zafll) (60 pprn) with amozphouB iron- 
) faydronde (250ppm) as aftmction ofAg' ^a-.^ M calculated 
UAing tK* Jam»-H^ly modal 

Table IL Cbeailcal Fnt Entity Cwnptment. of 
Adjprptlon tod CoprBcljtwUn 

A(?*)iintnif (kj mciH) 



tnaul Ion 



Cfdll) irontfTJ) oxide 
Ni(U) irqacni) oxide 

chromlumOU) oxida 
Zn(H) ircnttH) oxide 

chrtWQi\jm{Iir) oxide 



-60 

-88 
-44 

-62 



-61 
-64 
-76 



and the rwolUnt particle sizes were not seen to signifl- 
cantlyaltere Thelattepobtwascoiii^BdBiiicepertcle 
elfce li-formation ia a requirement for light scattering 
electrophoresis. ^ 

2. Comparison of AG 0 ptaeiM j w j >l Values, The chemical 
nee energy contributions to the overall adsorption free 



to the experimental data. Examples of the isotherms 
dependence on AG 0 ^^ are shown in Figure 9 for the 
case of ZndD adsorption onto an amorphous ironOH) oxide 
coUoid surface. It is apparent from this figure that 
AO ctastay plays a major role in determining the position 
of the isotherm along the pH axis. Aa earlier menUoned. 
surface area also plays a role in deterrnining the position 
of the isotherm along the pH axis; however comparison of 
Figures 8 and 9 shows that the nC'*.^ * more 
mfluential. Even large errors in th* estimation of surface 

41 van II Ka a a» »— — — a_ -3 J <i m ■. 



area will be compensated in the modeling procesTbya 
^dumi«y. Extensive testing has shown 



slight error in A, ^ liaw 

that relatively large changes in AG"o«rf«ii are ntfuirsd 
before any of the qualitative trends to be discussed shortly 
are affected. 

The values for the chemical free energy contribution to 
i, ^T 010 ^ 011 toe ««gv for the three metals and two 
coUoid types investigated may be compared in a single 
taWe. In this way the intrinsic strength of the binding 
between the metal ion and the substrate can be comnared 

f*A+.+l L e..ag-\ -1 __s„_.cs ... . . . 

TahL^^*^ 0 ^ obtem^c^ 

-ft 1 *.!! 1 * 6 ^^ 10 dteectty oomp^aro these AO^.bscu vedues 
« «nce there are few such values 

available and importantly because adsorption may depend 
on experimental conditions such as the aging history** of 
the colloid used. Osseo-Asare and FWstenauW ug^d 
several different LQ 9 ^^ values depending on the 
species V. Their values for Niai) adsorption onto 
haematite were -21.7 kJ moH for Ni 2+ and Ni(OH)* and 
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^M^^ U !! M, ^ dro,yris, P ecto8 ' 0« value of 
i^^SL i*"*?^? Wfl !?5 m ¥W of these values 
a StS'S " 8 ^" Predicted adsorption isotherm. 
. tSttSZ! 10 ? obtaIned ^ James and HeeJy» aleo 
Mists for Cr(IID adsorption onto 810,. The value (-29.3 

^,?„°r^ C ? n8 l^ , T y Uww obtained in thin 

study (-60 W mol-i); however such a difference may not 
be ^surprising given the different substrates used! 
8. Adaorptlon vetau* Coprecipitation. The results 

S V "'1 ft^?ltE i,u l w Cr ?? ) .' NiOD, wd ZnttI) 
removal from solution is enhanced by the presence of an 
amorphous ironOU) oxide colloid surface. Cr(lID in 
particular, and Ni(H) to a lesser extant, are even more 
efficiently removed byacopredpitatlon mechanism rather 
, adsorption onto the preformed colloid The 
removal of Znfll) from solution using the same colloidal 
system appears to ho equally as efficient using either 
coprecipitation or adsorption. For both adsorption and 
copreapitafcon the removal of metal ions (at a given pHD 
is considerably enhanced over their simple predpltaUon 
In the absence of a second colloidal surface. 

CoreyM has argued that the main difference between 
adsorption endcopredpltatioa Ilea in the geometry of the 
adsorbate surface; coprecipitation should be considered a 

Jl^^^S™!? le ? di ¥ * » neater effective 
removal capacity than simple adsorption. Such an ar- 
gument would predict considerably inereaaed removal, at 
anygr^p^forcoprecipitatiQnoveradaoiption. Surface 

the increase in effective surface area would need to be at 
least an order of magnitude larger to account for such an 
inereaaed removal profile. SionetaL»aiwTaykir»emaiiiE 
otters have presented evidence for the formation of mixed 
hydrwadee of well-defined steichiometry and solution 
behavior which differs from that of either hydroxide alone 
One may thus speculate that the existence of each mixed 
ayoroiide species during coprecipitation 1 eadfi to enhanced 
removal over adsorption. 

Jp* '"uJto »bown in Figures 6 and 7 show that Nt(II) 
and Zn(n> removal from solution is enhanced by the 
S^^f """P 1 *™ chromium Oil) oxide colloid 
l u 5 a T f 1 f 0 * odserpUon and coprecipitation of Ni(Il> or 
Zn(ID onto an amorphous efaromiamCm) oxide removes 
tts i metal ions to a greater extent than with the iron OH) 
pxKlesyBtam. A^ain, thecopredpitation removal for either 
ion u greater than that achieved by adsorption alone, which 
is greater than direct precipitation alone. 

precipitation of Zhfll) with amorphous chremium- 
(IH) owde wrnoyee 2n(TJ) according to the precipitation 
profile of CrOID. Copredpitetionef NiflT) wi& ™! 

the ^(U) according to the direct preoipiUtionprofile of 
the Cr(nc alone but is followed by a removal prSLX 
toedsorp^orice theCrmr) haaco^pieteiy precipitated. 

comparisona of the removals shown in Figures 4 and 6 
with the removals shown in Figures 6 and 7XwXt 
am / UfflCIII) 0x1(18 basastronger adsorbing/ 
than dots amorphous 

iro&UU) OXlde* This ie in cnntriut to thm wvvV suWaL^j 



Crawford *t at 

fei H ^ ng have shown that there ie 

uWe difference batman a large number of adsorbing 
ooUoids, providing that their dielectric constant* ore all 
low. Harding and Healy* have argued, however, that Borne 
surfaces (such at latex) have an umuuaUy high binding 
Btosngth which iareflected by a large negative AC? *Z*mJ> 
Our results show that amorphous chromiumflll) oxide 
also has a particularly large negative AQ 9 a^ki^ They 
alao show that Cr(ffl) as an adsorbate has a larger 
AC^Ajm^u than either Ni(H) or Znfll). This unusual 
behavior when Cr<m) is present is difficult to rationalize, 
although it is noteworthy that Cr(UI) also has an unusual 
solution chemistry in that its ligand exchange rate is very 
alow. 8 * TliiflcouUweUresultto^ 
surface which is capable of enhancing adsorption by. for 
example, preventn^ adsorbed ions from readily desorbtiw 

a^^ton ******* equlUbria 

^,33^ abi Jityof amorphous chromium(ni) oxide toremovo 
Ni(13) and Znfll) more efficiently (at any given pH) than 
amorphous ironOH) oxide has considerable implications 
*5 ™ application of adsorption phenomena in the preeence 
ofCrm), Sandoloetais for example. haveiboroSat 
metal ion removal using adsorbing colloid flotation is less 
efficient in waste effluent samples containing low Cr(III) 
concentrations. Our results show that this is presumably 
due to the enhancement of adsorption and coprecipitation 
by the formation of amorphous chromium(m) oxide 
Further work will pursue whether or not the percentage 
removals obtained here can be enhanced even further by, 
for example, the presence of aqueous CrfllD in the 
adsorption and coprecipitation of Ni(II) or Znfll) using 
amorphous ironflll) oxide, 

Conclusion 

n^i^^^J^i^^^^ isotherms for Cr- 
fllD, NiflD and Znfll) with amorphous ironOH) and 
chromiumflll) oxides can be modeled using the James- 
maly model for metal ion adsorption, Corresponding 
cfanded* values can be obtained from application of 
thw model and show that there is an intrinsic difference 
inthe Adsorption themodynamica between chromium- 
flll) and iron(m) oxides. 

The adsorption and coprecipitation isotherms for Zn~ 
W removal using amorphous ironflU) oxide are equiv- 
alent. There is a small but significant diffarenca between 
adsorption and coprecipitation for Nifll) and a large 
difference tor Crflll), 5 

afflcient than adsorption which was in turn more efficient 
^S T ^^°\^^ Cr(IH) was removed at a lower 
pH than ZntfJ) which was removed at a lower pH than 
Nifll) and amorphous chromium(lir) oxide was a more 
efficient adsorbent than amorphous ironOH) oxide. 
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